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 22 
 23 
Dietary characteristics and the degree of dietary partitioning by five species of 24 
sympatric stingray were assessed using stomach content and sediment analyses within a coral 25 
reef lagoon at Ningaloo Reef, Western Australia (the cowtail Pastinachus atrus, blue-spotted 26 
fantail Taeniura lymma, blue-spotted mask Neotrygon kuhlii, porcupine Urogymnus 27 
asperrimus rays and the reticulate whipray Himantura uarnak). A total of 2,804 items were 28 
recovered from the stomachs of 170 rays and 3,215 individual taxa from the environment, 29 
which was used in selectivity analyses. A total of 24 prey taxa were identified from stomach 30 
content and pooled into 10 taxonomic categories for analysis, of which annelids, prawns, 31 
brachyurans and bivalves were the most abundant, together accounting for 96% of the diet. 32 
Himantura uarnak had the greatest interspecific dissimilarity in diet, consuming a larger 33 
proportion of crustaceans, specifically penaeid prawns (41% of total diet) than the other four 34 
species of ray, all of which had diets dominated by annelids (71— 82% of total diet). 35 
Crustacean specialisation by H.uarnak may exist in order to maximise resources and reduce 36 
competition among sympatric species. The remaining species may partition resources on the 37 
basis of space, rather than diet.  38 
Keywords: Coral reefs, elasmobranch, feeding, specialisation, overlap  39 
 40 
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Introduction 44 
 45 
 46 
Mesopredators provide the connection between apex predators and lower trophic levels of 47 
food chains in biological communities (Vaudo & Heithaus, 2011). In coastal marine 48 
environments, batoid fishes are important mesopredators that can make up a significant part 49 
of the biomass of the fish community (VanBlaricom, 1982; Thrush et al., 1994; Peterson et 50 
al., 2001; Vaudo & Heithaus, 2011) and their feeding can regulate the numbers and dynamics 51 
of invertebrate prey populations (Wetherbee & Cortés, 2004; Navia et al., 2007).  52 
 53 
 54 
Coastal environments of the tropics are characterised by very high diversity and 55 
abundance of rays (Last & Stevens, 2009). Given their role as structuring agents, this 56 
observation prompts the question as to how so many of these mesopredators can co-exist in 57 
these systems.  Theory predicts that where many similar species occupy the same ecosystem, 58 
resources should be partitioned along some ecological axis (typically space, time or food) 59 
within the environment so that competition among them is minimized, avoiding competitive 60 
exclusion and thus allowing co-existence (Schoener, 1974). There is some evidence that this 61 
phenomenon occurs in rays, with studies showing that ecosystems can be partitioned among 62 
species by occupation of different depth ranges (Babel, 1967; Marshall et al., 2008), habitats 63 
within an environment (White et al., 2004; Marshall et al., 2008) or by specialisation in diet 64 
(Platell et al., 1998a).  65 
 66 
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 67 
An understanding of the trophic roles and resource partitioning of rays is critical to 68 
conservation strategies, ecosystem-based management and important for predicting impacts 69 
associated with species removal (Yick et al., 2011). Such information is urgently required for 70 
tropical regions where rays are targeted or important by-catch in many coastal fisheries. In 71 
addition coastal, ecosystems border large and growing human populations, so that 72 
anthropogenic disturbance resulting in habitat loss or degradation is commonplace (Halpern 73 
et al., 2007). Furthermore, the conservative life history traits of rays (slow growth, low 74 
reproductive capacity, late age at maturity) means that populations have low resilience and 75 
may require many years to recover from over-exploitation (Stevens et al., 2000).  76 
 77 
 78 
Here, the diets of five species of sympatric batoids were assessed within the lagoon of 79 
a coral reef ecosystem at Ningaloo Reef, Western Australia. Although rays are common in 80 
these habitats (Stevens et al., 2009), our study is one of the first to examine the feeding 81 
biology and dietary preferences of these animals within a coral reef environment.  Recent 82 
work in these reef systems shows that some parts of the lagoon are subject to intense feeding 83 
by rays that is capable of overturning and re-working large areas of sediment (O’Shea et al., 84 
2012). Stomach content analysis was used to identify the targets of this foraging behaviour 85 
and examine the degree to which rays that inhabit the lagoon divide food resources. It is 86 
predicted that these sympatric rays should partition diets according to the degree of overlap in 87 
the habitats that they occupy, so that species that co-occur on most spatial and temporal 88 
scales should show the lowest dietary overlap.  89 
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 90 
 91 
Material and Methods 92 
 93 
 94 
Study location and species  95 
 96 
 97 
            This study was conducted between February 2010 and February 2011 at 18 sites 98 
across the northern, middle and southern sections of Ningaloo Reef (Fig. 1). This reef is the 99 
largest fringing coral reef in Australia occupying a stretch of approximately 250 km of the 100 
northwest coast of the continent. The lagoon is generally shallow (≤ 10 m water depth) and 101 
the reef crest varies in distance from the shore from 100 m—4 km (Stevens et al., 2009). The 102 
convoluted coastline provides a range of diverse habitats including mangroves, rocky shores 103 
and coral reefs. Sites were chosen based on both ease of access and prior surveys that 104 
identified areas of high ray abundance.  105 
 106 
 107 
170 rays of five species were caught, including the blue-spotted mask Neotrygon 108 
kuhlii (Müller & Henle 1841), (n = 36), cowtail Pastinachus atrus (Macleay 1883) (n = 43), 109 
blue-spotted fantail Taeniura lymma (Forsskål 1775), (n = 54) porcupine Urogymnus 110 
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asperrimus, (Bloch & Schneider 1801), (n = 13) rays and the reticulate whipray Himantura 111 
uarnak (Forsskål 1775), (n = 24). 112 
 113 
 114 
Rays were caught in water depths ranging from 0.5—10 m in sandy lagoon habitats. 115 
Small rays (< 100 cm disc width (WD)) and those close to shore were caught using hand and 116 
seine nets. Larger rays (> 100 cm WD) were caught using spear guns and then brought to 117 
shore for dissection. Body mass was measured for each ray using a spring balance (± 100 g) 118 
and disc width using a tape measure (± 5 mm). Sexual maturity of each ray was assessed by 119 
calcification of claspers in males and macroscopic assessment of females including egg 120 
presence and uterine scarring, as well as published estimates of size at maturity from Last & 121 
Stevens (2009). To assess prey selectivity, 225 sediment cores were taken (400 cm3 each) 122 
using 400 ml plastic sample containers (16 cm × 5 cm × 5 cm) that equated to a volume of ~ 123 
90,000 cm3 (90 litres). These samples were collected between April 2010 and April 2011from 124 
10 sites at Mangrove Bay within the northern most sampling site (Fig. 1) that had been 125 
identified as areas used by rays for foraging (O’Shea et al., 2012). Samples were stained with 126 
Rose Bengal and stored for 24 hours prior to sorting to ensure sufficient staining of infauna 127 
within the sediment (after methods outlined in Mason & Yevich, 1967). To separate infauna, 128 
each sample was washed through a 45 µm sieve using distilled water. All taxa were identified 129 
to the highest possible taxonomic resolution using a dissecting microscope. There was no 130 
distinguishing between epibenthic fauna and infauna and for this reason, all prey taxa 131 
discussed hereafter are referred to as infauna.  132 
 133 
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 134 
Diet analysis 135 
 136 
 137 
           Stomachs were dissected from each ray and its contents along with any items present 138 
in the buccal cavity and oesophagus were extracted and stored in sealable plastic bags and 139 
frozen. Prey items were identified using a dissecting microscope when required Cumulative 140 
prey curves were generated to assess whether the number of stomachs analysed was sufficient 141 
to characterise the diet. This was done by plotting the cumulative number of new prey items 142 
found for each new stomach analysed for each species and sex and visually determining 143 
whether the curves reached an asymptote (Ferry & Cailliet, 1996).  144 
 145 
 146 
Data Analysis 147 
 148 
 149 
For analysis, data were pooled into 10 taxonomic categories due to the large number of zeros 150 
in the data set. In order to avoid biases involved in the use of a single index, the contribution 151 
of each prey item to the dietary composition of each ray species was determined using three 152 
indices; the relative abundance of prey taxa (%n), calculated as the number of prey items of a 153 
given prey category / total number of prey items for all prey categories × 100 (Hyslop, 1980), 154 
the percentage frequency occurrence (%FO), calculated as the total number of stomachs 155 
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containing an item belonging to an individual prey category / total number of stomachs 156 
sampled that were not empty × 100 (Vaudo & Heithaus 2011) and the prey-specific 157 
abundance (%Pi), calculated as the number of prey items of a given prey category / by the 158 
total number of prey items in only those rays with the given prey category in their stomachs 159 
(Amundsen et al., 1996). Abundance estimates (as opposed to percentage weights or 160 
volumes) were considered sufficient for this task because our aims were to compare diets 161 
among ray species rather than assess calorific intake or nutritional value of prey.  162 
 163 
Feeding strategies of each of the five rays were described by plotting %FO versus 164 
%Pi (Costello, 1990; Amundsen et al., 1996). These plots demonstrate the importance of a 165 
prey category as a component of diet, the feeding strategy (generalist or specialist) as well as 166 
assessing inter- and intra-individual niche width. The vertical axis represents the feeding 167 
strategy (specialisation or generalisation) of the predator. Points positioned in the upper part 168 
of the graph indicate specialist prey items, whereas points in the lower part indicate items that 169 
were only eaten occasionally. Dietary items falling in the upper left of the diagram indicate 170 
specialisation by individual predators, and those in the upper right indicate specialisation by 171 
the entire population. If most points are located on the upper right of the diagram, this reflects 172 
a predator population with a specialised feeding strategy (i.e. a narrow niche width). If no 173 
points are located in the upper right of the diagram and all points fall along or below the 174 
diagonal from the upper left to the lower right, the predator population is thought to have a 175 
generalist diet and thus a broad niche width. The distribution pattern of dietary items along 176 
the diagonal from top left to bottom right of the plot is indicative of the contributions of 177 
between- and within-phenotype components to the niche width, where points falling on the 178 
top left indicate the former and bottom right the latter phenotypes (see Amundsen et al., 179 
1996).  180 
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 181 
 182 
The Manly-Chesson index (α) was calculated (Manly, 1974; Chesson, 1978) to assess 183 
prey selectivity: 184 
 α = (ri/pi) / ∑ 𝑟𝑖𝑚𝑖=1  /pi, 185 
where ri = proportion of prey category i in the stomach content, pi = proportion of prey 186 
category i in the environment and m = the number of prey categories present in the 187 
environment. Values of α range between 0 (complete avoidance) and 1 (complete 188 
preference). Dietary overlap was also assessed using Morisita’s index (C = (2∑ Xi Yi) / ∑X 2+ 189 
∑Y 2) (Morisita, 1959) where Xi and Yi  are proportions of the ith prey category in the 190 
stomach content of species X and Y respectively. Values of C range from 0 (no overlap) to 1 191 
(complete overlap). Overlap of ≥ 0.6 is considered a strong competitive interaction between 192 
species (Zaret & Rand, 1971; Järv et al., 2011).  193 
 194 
 195 
Non-metric multidimensional scaling analysis (MDS) was used to visualise variation 196 
in diet composition and analysis of similarity (ANOSIM) to test for differences in diet among 197 
all ray species and between sexes and ontogenetic stages of individual species. All data were 198 
square root transformed to reduce the influence of prey with high abundances. The Bray-199 
Curtis co-efficient was used to calculate the similarity matrix and the resulting scaling 200 
ordinations were considered useful interpretations if stress values were < 0.2 (Clarke & 201 
Gorley, 2006). Percentage similarity in diets among groups was also assessed using similarity 202 
percentages (SIMPER). All analyses were conducted using PRIMER V6 (Clarke & Gorley, 203 
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2006). Ontogenetic differences (adult v juvenile rays) in diet were only assessed for H. 204 
uarnak and P. atrus due to low sample sizes of juveniles. If a significant difference (P < 0.05) 205 
in the global ANOSIM was found, pair-wise tests were then examined. The significance 206 
levels were not used solely for interpretation of pairwise tests as in this context, P values are 207 
highly dependent on the number of replicates in the comparison and for this reason, the R 208 
values are considered more reliable for interpretation (Clarke & Gorley, 2006). The R 209 
statistic varies from 0 (no difference) to 1 (complete dissimilarity).   210 
 211 
 212 
Results 213 
 214 
 215 
Abundance of prey taxa 216 
 217 
 218 
            Of the 170 ray stomachs sampled, 28% were empty (22% of N. kuhlii, 8% of H. 219 
uarnak, 44% of P. atrus, 35% of T. lymma and 15% of U. asperrimus). Cumulative prey 220 
curves indicated that our sample sizes were sufficient to give an accurate representation of 221 
diets of H. uarnak, N. kuhlii and possibly P. atrus and T. lymma (Fig. 2). Prey curves for U. 222 
asperrimus suggested more samples were needed, although numbers appeared very close to 223 
sufficient to characterise diet (Fig. 2). A broad range of sizes (disc widths) were sampled for 224 
each species however, for ontogenetic comparisons, prey were only recovered in sufficient 225 
numbers for analysis from juveniles and adults of H. uarnak, and P. atrus. Juveniles of both 226 
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T.lymma and N. kuhlii had either too few samples or stomachs were empty of prey. All U. 227 
asperrimus sampled were adults (Table I). In total, 2,804 individual prey items from 24 taxa 228 
were identified and diets were dominated by annelids, penaeid prawns, other prawns, 229 
brachyurans and bivalves; together these taxa accounted for 96% of total prey recovered from 230 
stomach samples (Supp. Table I, Table II). Annelids dominated the diet of all ray species 231 
except H. uarnak, whose diet was dominated by penaeid prawns (Table II and Supp. Table I). 232 
Sediment samples contained 3,215 individual taxa, and were dominated by annelids (55%), 233 
gastropods (31%), bivalves (8%), echinoderms (4%) and prawns (1%). (Supp.Table II).  234 
 235 
 236 
The ANOSIM found significant differences in the diet composition among rays 237 
(Global R statistic = 0.12; P = 0.002) (Fig. 3). Pairwise tests from the ANOSIM indicated that 238 
the diet of H.uarnak was dissimilar to all other species, except U. asperrimus and was most 239 
dissimilar to N.kuhlii (R = 0.42, P = 0.001) (Table III). The next greatest dissimilarity 240 
occurred between the diets of N. kuhlii and U. asperrimus, (R = 0.31, P = 0.005) (Table III).  241 
SIMPER analysis revealed that the main prey categories contributing to dissimilarity of diets 242 
of the rays was annelids and penaeid prawns. The average Bray-Curtis dissimilarity between 243 
H. uarnak and N. kuhlii was 78.94 and this was made up of annelids (26.53 %), penaeid 244 
prawns (26.06 %), brachyurans (15.99 %) and other prawns (12.16%). Annelids were much 245 
lower in abundance in the diet of H. uarnak compared to N. Kuhlii and penaeid prawns, 246 
brachyurans and other prawns were much higher in abundance in H. uarnak (Fig. 4). The 247 
average Bray-Curtis dissimilarity between N. kuhlii and U. asperrimus was 62.67 and this 248 
was made up of annelids (45.68 %), penaeid prawns (19.44 %) and other prawns (11.46 %). 249 
Even though annelids were the main contributing dietary item to both N. kuhlii and U. 250 
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asperrimus, annelids were much higher in average abundance in U. asperrimus compared to 251 
N kuhlii and U. asperrimus also had higher contributions of penaeid prawns and other prawns 252 
compared to N. kuhlii (Fig. 4). 253 
 254 
 255 
Feeding strategy plots further verified that penaeid prawns were an important prey 256 
category for H. uarnak. In addition, there was a moderate level of specialisation by H. uarnak 257 
on penaeid prawns with relatively narrow niche width (Fig. 5). The Manly-Chesson analysis 258 
suggested that H. uarnak fed selectively on brachyurans (α = 0.58), which were rare in the 259 
cores, while annelids, the most common prey item in the cores were consumed with low 260 
preference (α < 0.01). This species fed with a moderate preference for penaeid prawns (α = 261 
0.14) and other prawns (α = 0.21) (Table IV), both of which were relatively rare in the cores 262 
(~ 1%). Morisita’s index of overlap between this species and the other rays suggested some 263 
competitive interaction with moderate dietary overlap: N. kuhlii (C =0.44), P. atrus (C = 264 
0.57), T. lymma (C = 0.49) and U. asperrimus (C = 0.62).  265 
 266 
 267 
The abundance of annelids in the diets of the four remaining species resulted in high 268 
dietary overlap between all other species pairs (C = 0.98). Feeding strategy plots suggested 269 
that annelids were not only a dominant part of the diet of all four species, but also there was a 270 
high degree of specialisation on this prey item (Fig. 5).  As with H. uarnak, the feeding 271 
strategy plots suggested a narrow niche width for these species. The Manly-Chesson index of 272 
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selectivity suggests that annelids were being consumed with low selectivity when compared 273 
to the high environmental availability (Table IV). 274 
 275 
 276 
Dietary shifts relating to sex and ontogeny 277 
 278 
 279 
           Only N. kuhlii displayed differences between the diets of males and females 280 
(ANOSIM, Global R statistic = 0.16; P = 0.036). The average Bray-Curtis dissimilarity in 281 
diets between males and females was 48.44 and this difference was predominantly due to 282 
annelids (54.83%) and other prawns (23.47%), which occurred, in slightly higher abundances 283 
in the diets of females. There were significant differences in the diets of juvenile and adult H. 284 
uarnak (Global R statistic = 0.30; P = 0.016) and P. atrus (Global R statistic = 0.15; P = 285 
0.037). The average Bray-Curtis dissimilarity between diets of juvenile and adult H. uarnak 286 
was 76.11 and this difference was predominantly made up of penaeid prawns (26.76%), 287 
annelids (20.33%) and brachyurans (15.03%) that occurred in slightly higher abundances in 288 
the diet of adults than in juveniles.  289 
 290 
 291 
The average Bray-Curtis dissimilarity in diet between juveniles and adults for P. atrus 292 
was 71.94 and this difference was predominantly due to annelids (50.09%), brachyurans 293 
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(15.96%), penaeid prawns (12.27%) and other prawns (11.86%), that were in higher 294 
abundances in the diets of adults.  295 
 296 
 297 
Discussion 298 
 299 
 300 
There was limited evidence for dietary partitioning among and within species of ray 301 
in the lagoon of Ningaloo Reef. With exception of H. uarnak, which had a diet largely 302 
composed of crustaceans; the diets of P. atrus, N. kuhlii T. lymma and U. asperrimus were all 303 
dominated by annelids. For all rays, the combined abundance of only four taxonomic groups 304 
(annelids, prawns, brachyurans and bivalves) accounted for over 96% of all prey items, 305 
implying that they all probably occupy similar trophic positions in the lagoon food web.  306 
 307 
 308 
As our analysis was based on abundance, it might be possible that smaller, 309 
numerically dominant prey might overshadow the contribution of larger but less abundant 310 
prey items. However, the principal categories of prey were common to all the diets of all 311 
species in quantities that suggested calorific significance, rather than incidental consumption. 312 
Furthermore, our results confirm those of Vaudo & Heithaus (2011) who used indices that 313 
combined both biomass and abundance to characterise the diet of some of the same species in 314 
Shark Bay, to the south of Ningaloo Reef. As was the case in our study, they found that 315 
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brachyurans and penaeid prawns dominated the diet of H. uarnak, while the diet of P. atrus 316 
was largely composed of polychaetes (Annelida).  317 
 318 
 319 
The dominance of crustaceans in the diet of H. uarnak may not necessarily be 320 
evidence of selectivity for these prey items, since the low abundance of crustaceans measured 321 
in the environment (and hence high degree of selectivity for this prey item by H. uarnak) 322 
could have been an artefact of the use of core sampling. Many crustaceans, including the 323 
penaeid prawns and brachyuran crabs that were prevalent in the diet of this species are 324 
epibenthic and very mobile and would be far less likely to be sampled by a core than infauna 325 
such as annelids. Additionally, abundances of crustaceans in the guts of H. uarnak may be 326 
inflated relative to other prey items because of the resistance of their exoskeletons to the 327 
process of digestion.  328 
 329 
 330 
The high degree of overlap in the diets of P. atrus, N. kuhlii T. lymma and U. 331 
asperrimus could have a number of explanations. Dietary overlap might occur if prey were 332 
not limiting, or alternatively, if rates of predation kept abundances of rays at levels below 333 
which food became limiting (Vaudo & Heithaus 2011). Large sharks that feed on rays such as 334 
the great hammerhead, Sphyrna mokarran (Rüppell 1837) and tiger Galeocerdo cuvier 335 
(Péron & Lesueur 1822) are common at Ningaloo Reef (Stevens et al., 2009) and despite the 336 
abundance and diversity of rays that are found within this habitat, it seems plausible that 337 
these apex predators could maintain ray populations below levels at which competitive 338 
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exclusion might occur. Additionally, most of the rays were collected by our study during 339 
August–December when productivity of soft-sediment habitats peaks (O’Shea, 2013). If these 340 
conditions provided super-abundant prey, then dietary overlap among species might not incur 341 
any competitive costs. Since there is some evidence from temperate environments that prey 342 
selectivity in elasmobranchs is correlated to seasonal shifts in prey abundance (e.g. Platell et 343 
al., 1998a; Lucifora et al., 2006), future work should compare the diets of rays at Ningaloo 344 
throughout the year to account for seasonal variation in infauna abundance.  345 
 346 
 347 
Dietary overlap among rays could also be indicative of resource partitioning on other 348 
ecological axes, such as space. This may be the case for N. kuhlii and T. lymma, which had 349 
virtually identical diets, but were observed to feed in different microhabitats on the reef. The 350 
former species was usually found feeding at the edge of the reef while the latter could 351 
typically be found feeding in sand patches within the coral reef matrix. Thus, for these 352 
species, partitioning may occur on the scale of metres within the reef, allowing diets to 353 
overlap.  Pastinachus atrus also had a diet that was very similar to both N. kuhlii and T. 354 
lymma, but unlike these species, this ray occurred over a wide area of the reef lagoon and was 355 
observed feeding along the edges of the reef and throughout the broad sand plains between 356 
the shore and the reef crest. The range of P. atrus within the lagoon possibly reflects the fact 357 
that this species grows to much larger adult sizes (≤ 200 cm WD) than both N. kuhlii and T. 358 
lymma (~ 50 cm WD and 35 cm WD). This trait may provide some defence against predators 359 
to which the smaller-bodied rays are susceptible and allow it venture greater distances from 360 
the shelter of the reef to feed on prey inaccessible to the other species.   361 
 362 
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 363 
Individuals of H. uarnak targeted crustaceans and this species were never seen 364 
feeding during daylight hours. Typically, this species was immobile and partially buried in 365 
sand at the edge of the reef when it was encountered. While the abundance of crustaceans 366 
clearly separated the diet of this ray from that of our other study species, very similar diets 367 
occur among other members of the same genus (e.g. H. fai, H. toshi and H. astra; Vaudo & 368 
Heithaus, 2011).  It is unclear how food resources are partitioned among these cogeneric 369 
species, since at least four co-occur at Ningaloo Reef (Stevens et al., 2009). This will require 370 
sampling that targets the remaining species in this genus.  371 
 372 
 373 
Similar to our study, earlier work in both tropical and temperate environments has 374 
also found that different species of rays within a habitat tend to occupy equivalent trophic 375 
roles, feeding on the same types of prey, albeit with some differences in the proportions of 376 
prey in the diet among species (Sommerville et al., 2011, Vaudo & Heithaus 2011, Yick et 377 
al., 2011).  Patterns of prey consumption probably occur over wide areas of coast, since the 378 
same patterns of diet preferences were recorded for the two species (P. atrus and H. uarnak) 379 
~ 300 km south at Shark Bay (Vaudo & Heithaus 2011). This implies that the trophic roles of 380 
these mesopredators may be consistent across broad (100s—1000s km) spatial scales.  381 
 382 
 383 
There was some evidence for ontogenetic changes in the diets of the one species for 384 
which analysis was possible (H. uarnak) although our results must be treated with caution 385 
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due to sample sizes that may have not been sufficient to completely characterise diets of 386 
juveniles. Dietary shifts among ontogenetic stages are common in many (Wetherbee & 387 
Cortés, 2004) but not all elasmobranchs (Clarke et al., 1996; Scharf et al., 2000; White et al., 388 
2004; Lucifora et al., 2006; Marshall et al., 2008) and are thought to occur for a number of 389 
reasons, including increased metabolic requirements as animals mature, greater prey-handling 390 
ability as animals increase in size (White et al., 2004) and an increase in the habitat available 391 
for foraging as animals get larger, allowing access to a wider range of food resources 392 
(Wetherbee & Cortés, 2004). Recent tracking studies within the lagoon at Ningaloo have 393 
demonstrated that juveniles of our study species may reside in shallow (2—3 m water depth) 394 
embayments at the edge of the shore for protracted periods (up to 18 months; Cerutti-Pereyra 395 
et al., submitted). Although adult rays are also found within these habitats, they tend to range 396 
over much greater areas of the lagoon than juveniles (Cerutti-Pereyra et al. submitted), and 397 
thus these differences in diets may reflect the wider range of foraging habitats available to 398 
adults than juveniles.    399 
 400 
 401 
Sex-based differences in diet were only evident for N. kuhlii, with the females of this 402 
species consuming slightly higher proportions of annelids and other prawns than males. 403 
Where sample sizes allowed analysis, no evidence for differences in diet of males and 404 
females in the remaining species was detected, which is similar to many other studies of rays 405 
(e.g. White & Potter, 2004; Navia et al., 2007; Jacobsen & Bennett, 2011; Lipej et al., 2012). 406 
However, in other elasmobranchs, partitioning of trophic resources according to sex can be 407 
commonplace and is thought to occur due to spatial patterns of sexual segregation within a 408 
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population where males and females occupy different habitats (Springer, 1967) or due to 409 
differences in size between sexes (Simpfendorfer et al., 2001).  410 
 411 
 412 
In conclusion, dietary overlap was common among rays at Ningaloo Reef, with 413 
annelids dominating the diets of the majority of species. However, one species had low 414 
dietary overlap with a diet dominated by crustaceans. Of the remaining species, small-scale 415 
(m—100s m) spatial partitioning may allow these animals to consume similar diets. 416 
Alternatively (or in addition) food resources may not be limiting in this environment, either 417 
due to the abundance of invertebrate infaunal communities or to predators keeping ray 418 
populations at levels below those where they deplete these resources.  419 
 420 
 421 
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Table I: Demographic and morphometric summary of all rays sampled. Values presented are means and standard deviation. 637 
 638 
 639 
 H. uarnak N. kuhlii P. atrus T. lymma U. asperrimus 
 WD (cm) Body 
mass 
(kg) 
n WD (cm) Body 
mass 
(kg) 
n WD (cm) Body 
mass (kg) 
n WD (cm) Body 
mass 
(kg) 
n WD (cm) Body 
mass 
(kg) 
n 
Male 107.3 ± 
35.9 
40.1 ± 
25.2 
14 33.8 
±10.6 
1.8 ± 
0.6 36 
69.2 ± 
39.6 
15.9 ± 
29.8 43 
25.7 ± 
4.2 
1.1 ± 
0.68 54 
107.1 ± 
8.2 
64.7 
±16.8 13 
Female 87.7 ± 
35.9 
21.1 ± 
23.4 
10 33.5 ± 
9.8 
1.8 ± 
0.8 25 
63.2 ± 
31.5 
11.9 ± 
20.7 21 
24.5 ± 
3.8 
1.5 ± 
2.2 29 
100.7 ± 
5.2 
54.3 
±11.6 8 
Juvenile 48.1 ± 
9.9 
3.3 ± 
3.2 
8 33.5 
±12.1 
1.8 ± 
0.6 11 
71.5 ± 
43.6 
20.2± 
36.5 22 
26.9  ± 
4.2 
1.3 ± 
0.8 25 
115.0 ± 
5.1 
81.2 ± 
7.2 5 
Adult 115.1 ± 
26.5 
44.1 ± 
20.8 
16 15.2 ± 
2.1 
0.7 ± 
0.61 9 
45.8 ± 
12.6 2.7 ± 2.8 28 0.2 ± 0.2 
16.5 ± 
2.5 9 
0 0 0 
All 101.4 ± 
38.2 
32.2 ± 
25.8 
24 38.8 ± 
3.3 
1.9 ± 
0.8 27 
117.6 ± 
31.3 
49.6 ± 
47.4 15 
26.2 ± 
3.6 1.5 ±1.6 45 
107.1 ± 
8.2 
64.7 ± 
16.8 13 
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 640 
 641 
 642 
 643 
 644 
 645 
  646 
Range  37—
145.5 
1—68.5 24 12.5—
47 
0.8— 
3.7 
27 27—177 0.7— 
136.4 
15 14— 
32.5 
0.8— 
3.2 
45 93— 
118.5 
38.5— 
90.4 
13 
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Table II: Summary of the percentage frequency of occurrence (%FO) and percentage numerical importance (%n) within each species for each 647 
prey category.  648 
 649 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 H. uarnak  N. kuhlii  P. atrus  T. lymma  U. asperrimus  
Prey Category %FO %n %FO %n %FO %n %FO %n %FO %n 
Annelids 50.00 22.44 85.71 81.82 70.83 69.65 73.53 69.01 100.00 70.52 
Bivalves 31.82 6.43 25.00 2.39 12.50 5.08 23.53 7.03 18.18 1.78 
Brachyurans 63.64 16.14 50.00 4.31 29.17 10.56 8.82 0.57 36.36 2.13 
Cephalopods 22.73 2.49 17.86 0.00 4.17 0.13 2.94 0.19 9.09 0.36 
Copepods 0.00 0.00 0.00 0.00 0.00 0.00 5.88 1.14 0.00 0.00 
Fishes 22.73 1.57 17.86 0.48 0.00 0.00 5.88 0.19 0.00 0.00 
Gastropods 4.55 0.52 3.57 0.00 8.33 0.53 5.88 0.76 0.00 0.00 
Other prawns 63.64 9.45 50.00 9.57 33.33 5.35 41.18 12.17 36.36 5.86 
Penaeid prawns 63.64 40.55 7.14 1.44 29.17 7.62 20.59 3.80 0.00 16.70 
Priapulids 4.55 0.39 0.00 0.00 4.17 1.07 11.76 4.37 36.36 2.66 
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Table III: Summary of results from the ANOSIM pairwise tests for differences between species. 660 
P-values are above the diagonal and R-values are beneath for each species pairwise comparison.  661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
 671 
 672 
 673 
 674 
 675 
 676 
Table IV: Values of α calculated using the Manly-Chesson index of prey selectivity. Values 677 
range between 0 (complete avoidance) and 1 (complete preference) 678 
 H. uarnak N. kuhlii P. atrus T. lymma U. asperrimus 
H. uarnak - P = 0.001 P = 0.008 P = 0.003 P = 0.07 
N. kuhlii R = 0.42 - P = 0.002 P = 0.08 P = 0.005 
P. atrus R = 0.14 R = 0.14 - P = 0.29 P = 0.99 
T. lymma R = 0.20 R = 0.04 R = 0.009 - P = 0.81 
U. asperrimus R = 0.10 R = 0.31 R = 0.12 R = 0.09 - 
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 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
List of Figures: 696 
 Annelids Bivalves Brachyurans Fish Gastropods Other 
prawns 
Penaeid 
prawns 
H. uarnak < 0.1 < 0.1 0.58 < 0.1 < 0.1 0.21 0.14 
N. kuhlii < 0.1 < 0.1 0.4 < 0.1 na 0.53 < 0.1 
P. atrus < 0.1 < 0.1 0.72 na < 0.1 0.23 < 0.1 
T. lymma < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.85 < 0.1 
U. asperrimus < 0.1 < 0.1 0.29 na na 0.47 0.23 
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Fig. 1: Map showing Ningaloo Reef and the 18 sites where rays were collected. The shaded area 697 
shows the extent of the marine park  698 
Fig. 2: The cumulative number of new prey taxa for each consecutive stomach sampled for all 699 
prey taxa found and for the 10 summarised prey categories 700 
Fig. 3: Non-metric multidimensional scaling ordination of rays based on stomach contents: 701 
H. uarnak, N. kuhlii, P. atrus, T. lymma, U. asperrimus  702 
Fig 4: Percentage contributions of the most dominant prey categories to the diets of each ray 703 
species. Penaeid prawn, other prawns, brachyurans, bivalves, annelids 704 
Fig. 5: Feeding strategy plots for each ray species.  705 
Annelids, Bivalves, Brachyurans, Cephalopods, Copepods, Fishes, Gastropods 706 
 Other prawns, Penaeid prawns, Priapulids 707 
Supplementary Fig. 1: The cumulative number of new prey taxa for each consecutive stomach 708 
sampled for each sex within each species for the 10 prey categories:  709 
Males, Females,    710 
 711 
 712 
 713 
 714 
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 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
Fig. 1 728 
 729 
 730 
 731 
 732 
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 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
Fig. 2 746 
 747 
 748 
 749 
 750 
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 751 
 752 
 753 
 754 
 755 
 756 
 757 
Fig. 3 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
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 770 
 771 
 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
Fig. 4.  780 
 781 
 782 
 783 
 784 
 785 
 786 
 787 
 788 
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 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 
Fig. 5 804 
 805 
 806 
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Supplementary Table I: Prey taxa identified to the highest possible taxonomic resolution from the stomachs of each ray species, quantified by 807 
dietary measures: Percentage frequency of occurrence (% FO) and percentage of numerical importance (%n). Prey category refers to the 808 
categories used to pool data for analyses 809 
 810 
 811 
 812 
 813 
 814 
 815 
 816 
Prey category Total n Prey Taxa n %n %FO n %n %FO n %n %FO n %n %FO   n %n %FO 
Annelids 1,623 Archiannelida 0 0 0 0 0 0 0 0 0 1 0.13 2.94 0 0 0 
  
Clitellata 0 0 0 0 0 0 0 0 0 0 0 0 3 0.53 9.09 
  
Oligochaeta 25 3.28 13.64 9 4.31 14.29 23 3.07 8.33 119 15.91 29.41 58 10.3 63.64 
  
Phyllodocida 20 2.62 13.64 10 4.78 10.71 0 0 0 89 11.9 23.53 14 2.49 27.27 
  
Polychaeta 15 1.97 22.73 24 11.48 14.29 58 7.75 12.5 13 1.74 5.88 1 0.18 9.09 
  
                
  
                
  
                
 
                
H. uarnak N. kuhlii P. atrus T. lymma U. asperrimus 
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 817 
 818 
 819 
 820 
 821 
 822 
 823 
 824 
 825 
 826 
 827 
 828 
  
Sabellidae 0 0 0 0 0 0 5 0.67 4.17 7 0.94 5.88 2 0.36 18.18 
  
Spionidae 2 0.26 4.55 0 0 0 0 0 0 3 0.4 2.94 0 0 0 
  
Terebellida 0 0 0 0 0 0 0 0 0 1 0.13 2.94 0 0 0 
  
Unidentified Annelida 109 14.3 27.27 128 61.24 64.29 435 58.16 54.17 130 17.38 35.29 319 56.66 45.45 
Bivalves 139 Bivalvia 49 6.43 31.82 5 2.39 7.14 38 5.08 12.5 37 4.95 23.53 10 1.78 18.18 
Brachyurans 226 Brachyura 123 16.14 63.64 9 4.31 10.71 79 10.56 29.17 3 0.4 8.82 12 2.13 36.36 
Cephalopods 23 Octopoda 4 0.52 9.09 0 0 0 0 0 0 0 0 0 0 0 0 
  
Sepiida 10 1.31 18.18 0 0 0 0 0 0 0 0 0 0 0 0 
  
Teuthida 5 0.66 9.09 0 0 0 1 0.13 4.17 1 0.13 2.94 2 0.36 9.09 
Copepods 6 Copepoda 0 0 0 0 0 0 0 0 0 6 0.8 5.88 0 0 0 
Fishes 14 Heteroconger sp. 9 1.18 13.64 0 0 0 0 0 0 1 0.13 2.94 0 0 0 
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 829 
 830 
 831 
 832 
 833 
 834 
 835 
 836 
 837 
 838 
 839 
 840 
 841 
 842 
 843 
  
Teleostei 3 0.39 9.09 1 0.48 3.57 0 0 0 1 0.13 2.94 0 0 0 
Gastropods 12 Gastropoda 4 0.52 4.55 0 0 0 4 0.53 8.33 4 0.53 5.88 0 0 0 
Other prawns 229 Eucarida 0 0 0 0 0 0 0 0 0 23 3.07 14.71 0 0 0 
  
Euphausiidae 25 3.28 13.64 1 0.48 3.57 0 0 0 8 1.07 5.88 0 0 0 
  
Amphipoda 1 0.13 4.55 3 1.44 3.57 0 0 0 9 1.2 14.71 1 0.18 9.09 
  
Stomatopoda 46 6.04 59.09 16 7.66 32.14 40 5.35 29.17 24 3.21 20.59 32 5.68 36.36 
Penaeid prawns 483 Penaeidae 309 40.55 63.64 3 1.44 7.14 57 7.62 29.17 20 2.67 20.59 94 16.7 45.45 
Priapulids 49 Priapulidae 3 0.39 4.55 0 0 0 8 1.07 4.17 23 3.07 11.76 15 2.66 36.36 
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Supplementary Table II Summary of infauna identified from sediment cores.  844 
 845 
 846 
 847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
 855 
 856 
 857 
 858 
 859 
 860 
 861 
 862 
Prey Category Class Order Family Taxa n 
Annelids Polychaeta 
  
Unidentified 434 
   
Teribellidae 
 
36 
   
Glyceridae Glycera spp. 347 
     
945 
Chaetognaths 
    
7 
Fishes 
   
Thalassoma Spp. 3 
Cnidarians Anthazoa Alcyonacea 
  
10 
    
Penaeid prawns Malocostraca Decapoda Penaeidae 
 
30 
Brachyurans Malocostraca Decapoda 
 
(infraorder) Brachyura  3 
Other prawns Ostracoda 
   
5 
Echinodermata  Asteroidea 
   
2 
 
Echinoidea 
   
3 
 
Ophiuroidea 
   
11 
 
Clypeastroidea 
  
111 
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 863 
 864 
 865 
 866 
 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 
 879 
Gastropods Gastropoda 
  
Unidentified 945 
   
Cypraeoidae 
 
10 
   
Cerithiidae 
 
14 
   
Patellidae 
 
13 
   
Nassariidae 
 
14 
   
Trochidae 
 
9 
Bivalves Bivalvia 
  
Unidentified 192 
    
Siliqua lucida 7 
   
Solenidae 
 
12 
   
Tellinidae 
 
41 
Platyhelminthes 
   
Unidentified 7 
 
Cestoda Cestodaria 
  
3 
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 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
 895 
 896 
 897 
 898 
 899 
Supplementary Fig. 1 900 
 901 
 
